ABSTRACT: The present study was conducted to measure the flow of microbial and nonmicrobial N fractions entering the omasal canal of lactating dairy cows fed grass-red clover silage supplemented with barley and rapeseed meal. Four ruminally cannulated Finnish Ayrshire dairy cows were fed, in a 4 × 4 Latin square design, grass-red clover silage alone or supplemented with (on DM basis) 5.1 kg/d of barley, 1.9 kg/d of rapeseed meal or 5.1 kg/d of barley and 1.9 kg/d rapeseed meal. Nonammonia N flow entering the omasal canal was fractionated into microbial and nonmicrobial N using 15 N. Microbial N was fractionated into N associated with liquid-associated bacteria, particle-associated bacteria, and protozoa. Supplementation of diets with barley increased microbial N flow entering the omasal canal (P < 0.01) but had no effect on nonmicrobial N flow. Increased microbial N flow was attributed to liquidassociated bacteria and protozoa. Barley had no effect on apparent ruminal N degradability, but increased true ruminal N degradability (P < 0.01). Barley had no
Introduction
In ruminant animals the quantity of amino acids available for absorption is determined by the quantity of microbes synthesized in the rumen, the amount of undegraded dietary protein and endogenous protein reaching the duodenum. In recent years a number of metabolizable protein systems have been developed (e.g., Vé rité and Peyraud, 1989; Madsen et al., 1995; NRC, 2001 ) to account for both microbial and dietary protein supply. All systems used for routine formulation of ruminant diets predict microbial supply based on fermentable energy supply assuming a constant 1 2176 effect on urinary N excretion, but increased daily N retention (P = 0.03). Furthermore, barley supplementation decreased ruminal (P = 0.02) and total tract (P < 0.01) NDF digestibility. Supplementation of diets with rapeseed meal increased apparent ruminal N degradability (P < 0.01) and nonmicrobial N flow entering the omasal canal (P < 0.01), but had no effect on true ruminal N degradability. Despite higher N excretion in urine, rapeseed meal improved daily N retention (P < 0.01). Milk yield was increased (P < 0.01) by barley and rapeseed meal supplements, with the responses being additive. Responses attained with barley were primarily due to increased energy supply for ruminal microbes and improvements in energy and protein supply for the animal. However, provision of readily digestible carbohydrates in barley did not improve microbial capture of ruminal ammonia. Benefits associated with rapeseed meal supplementation were explained as an increase in the supply of ruminally undegradable protein.
energetic efficiency of microbial protein synthesis. Estimates of energetic efficiency based on in vivo studies are subject to errors due to the shortcomings of the methods used to measure microbial and dietary protein flows. Evaluation of a number of microbial markers has indicated large variations in the ratio of marker to N concentrations between different microbial pools (Broderick and Merchen, 1992) . Therefore, our hypothesis was that determining the contribution of individual microbial fractions is essential to the accuracy of microbial amino acid flow measurements. In spite of a considerable endogenous contribution to the total flow of protein entering the duodenum (LammersWienhoven et al., 1997) , endogenous N secretions are typically estimated rather than measured directly.
The objective of the present study was to quantify the flow of microbial and nonmicrobial N leaving the rumen of dairy cows fed forage diets supplemented with energy and protein rich concentrates. To minimize the contribution of endogenous N to nonmicrobial N flow, digesta samples were obtained from the omasal Experimental diets were grass silage alone (S) or that supplemented with barley (SB), rapeseed meal (SR), and barley and rapeseed meal (SBR). b Probability of main effects; B (S + SR vs SB + SBR), R (S + SB vs SR + SBR), B × R (interaction between main effects). Chemical composition per kg DM: ash, 869 g; N, 1.0 g; Ca, 160 g; P, 64 g; Na, 90 g; Mg, 80 g; retinol, 150,000 IU; cholecalsipherol, 100,000 IU; DL-α-tocopherylacetate, 500 mg; DL-α-tocopherol, 450 mg; CuSO 4 ؒ5 H 2 O, 500 mg; Na 2 SeO 2 ؒ5 H 2 O, 10 mg; ZnO, 3,000 mg; Na 2 MoO 4 , 8 mg; 2 CoCO 3 ؒ3 Co(OH) 2 ؒH 2 O, 10 mg; MnO, 1,000 mg; Ca(IO 3 ) 2 , 100 mg.
canal (Ørskov et al., 1986) . To account for differences in 15 N enrichment between various microbial pools (Broderick and Merchen, 1992) , the contribution of liquid-and particle-associated bacteria (LAB and PAB, respectively) and protozoa to nonammonia N (NAN) flow entering the omasal canal was also determined.
Materials and Methods

Animals and Diets
Effects of supplementation of grass-red clover silage with barley and rapeseed meal were assessed using four ruminally cannulated multiparous mid-lactation (167 d in milk, SD = 18) Finnish Ayrshire dairy cows in a 4 × 4 Latin square design. Grass-red clover silage was supplemented with two levels of barley and rapeseed meal allocated according to a 2 × 2 factorial arrangement of dietary treatments. Diets consisted of grass-red clover silage fed alone (diet S) or that supplemented (on DM basis) with barley (5.1 kg/d; diet SB), rapeseed meal (1.9 kg/d; diet SR), or barley and rapeseed meal (5.1 and 1.9 kg/d, respectively; diet SBR). All diets were supplemented with 250 g/d of a proprietary mineral mixture (Table 1) . Cows averaged 571 kg of BW during the study. Silage was prepared from secondary growths of timothy grass (Phleum pratense) and red clover (Trifolium pratense) swards. Once cut, herbage was wilted and harvested using a precision chopper and ensiled using a formic acid-based additive (AIV-2; Kemira-Agro, Helsinki, Finland) applied at a rate of 5 L/t. Prior to feeding, barley was coarsely milled using a roller mill. Solvent-extracted rapeseed meal was obtained from a commercial source (Rehuraisio Ltd., Raisio, Finland).
All cows were managed according to legislation documented within the Finnish Animal Welfare Act (247/ 96), the Order of using vertebrate animals for scientific purposes (1076/85), and the European convention for the protection of vertebrate animals used for experimental and other scientific purposes, Appendix A and B, implemented under the auspices of the local Animal Use and Care Committee.
Sampling Procedures
Each experimental period lasted for 21 d. During the adaptation period (d 1 to 10), cows had free access to silage. Thereafter (d 11 to 21), silage offered was restricted to 95% of that during the adaptation period. Dry matter intake measured between d 17 to 20 are reported. Cows were fed twice daily at 0600 and 1800 and milked twice daily at 0700 and 1700. Milk yield was recorded daily, but only data from days 12 to 20 are reported. Milk samples were collected over four consecutive milkings (d 12 to 14) for the determination of milk protein, fat, and lactose.
Rumen fermentation characteristics were assessed in samples of rumen fluid collected on d 14 at 0600, 0800, 1000, 1200, 1400, and 1600. From d 15 at 1800 until the end of the sampling period, Yb-acetate (1.5 g/d of Yb) and LiCoEDTA (1.7 g/d of Co) were dissolved in 6 L distilled water and continuously infused into the rumen via separate lines following a priming dose of Yb-acetate (2.2 g of Yb) and LiCoEDTA (2.5 g of Co)
into the rumen via the rumen cannula. From d 16 at 0600 until the end of the period, 10.9 g/d of ammonium sulfate (Isotec Inc., Miamisburg, OH) with a 10% enrichment of 15 N (230 mg/d of 15 N) was added to the LiCoEDTA infusate to enrich microbial N with 15 N. To determine digesta flow entering the omasal canal, spot samples (500 mL) of omasal canal digesta were collected into an insulated pre-warmed flask on d 18 at 1000, 1300, and 1600; on d 19 at 0830, 1430, and 1730; and on d 20 at 0700 and 1130 according to Huhtanen et al. (1997) and incorporating the modifications of Ahvenjä rvi et al. (2001) . To quantify protozoal N flow escaping the rumen, 700 mL of digesta was collected from the omasal canal into a pre-warmed insulated flask on d 18 at 0600, on d 19 at 1000, and on d 20 at 1400. To isolate particle-and liquid-associated bacteria, 1000 mL of reticular digesta was collected on d 20 at 0600, 1000, and 1400. A wide-necked 500-mL bottle, plugged with a rubber stopper, was placed into the ventral reticulum, and the stopper was removed. Once the bottle was filled with digesta, it was removed from the reticulorumen, and the contents were emptied into a 1000-mL bottle maintained at 39°C in a water bath. This procedure was repeated to yield 1,000 mL of reticular digesta. Spot samples of feces (500 mL) were obtained at the same time as omasal digesta samples were collected. On d 18 to 20, a total urine collection was performed using a light harness that was attached with adhesive around the vulva. Urine was preserved using 800 mL of 10-N H 2 SO 4 added to the collection vessel on each collection day.
Preparation of Digesta Samples
Samples of rumen fluid were immediately subjected to measurements of pH and then prepared for the determination of VFA and ammonia according to Ahvenjä rvi et al. (1999) . Samples were stored at −20°C prior to analysis. Immediately after collection, samples of omasal canal digesta were filtered through one layer of cheesecloth, and the filtrand was washed with 200 mL of 39°C 0.9% (wt/vol) NaCl solution to remove loosely attached bacteria and protozoa into the filtrate. Filtrand, defined as large particles, was frozen at −20°C, pooled within animal, and subsequently lyophilized. Filtrate was frozen and stored at −20°C until the end of each period. At the end of each period, samples of filtrate were thawed, pooled within animal, and centrifuged at 10,000 × g for 30 min. The supernate, defined as liquid, was removed by aspiration. The pellet, defined as small particles, and a subsample of liquid were lyophilized. Lyophilized samples were transferred into a 50°C oven overnight to achieve a constant DM concentration before the weight of large particle, small particle, and liquid samples were recorded.
Immediately after collection, digesta samples used for the determination of protozoal N flow were filtered through two layers of cheesecloth into a flask incubated in a 39°C water bath. To displace all protozoa into the filtrate, filtrand was washed twice with 250 mL of 39°C buffer. Buffer was prepared according to Goering and Van Soest (1970) with the exception that trypticase was omitted and 1 g/L glucose was included. Filtrate was transferred into a 1000-mL volumetric cylinder and incubated for 30 min at 39°C. Flocculent material floating on the top was removed by aspiration, and volume was recorded. Measurements were corrected for the addition of buffer (500 mL less that retained by the cheesecloth) to calculate the volume of omasal canal liquid used to isolate protozoa. To sediment protozoa, samples were centrifuged at 1,000 × g for 10 min at 4°C using a swinging-out rotor. Supernate was removed by aspiration and discarded. Microscopical examination indicated that the protozoacontaining pellet was contaminated with fine feed particulate matter. Therefore, the pellet was washed with 500 mL of 0.9% NaCl solution on a polyester filter (17-m pore size, 10% open area; Swiss Silk Bolting Cloth Mfg. Co. Ltd., Zurich, Switzerland). The 17-m pore size was the smallest that allowed proper passage of feed particulate matter. Yellowish material remaining on the polyester filter was rinsed through a 200-m polyester filter into a pre-weighed flask using distilled water, frozen at −20°C, and lyophilized. Lyophilized samples were kept in an oven at 50°C overnight to achieve a constant DM concentration before sample weight was recorded.
Digesta samples collected for the isolation of LAB and PAB were immediately filtered through four layers of cheesecloth into a flask incubated in ice slurry. Filtrand was washed twice with 250 mL of 39°C 0.9% (wt/vol) NaCl solution to dislodge loosely attached bacteria into the filtrate. Filtrate was centrifuged at 1,000 × g for 10 min at 4°C using a swinging-out rotor to sediment protozoa and feed particles. Supernate was removed by aspiration and centrifuged at 10,000 × g for 30 min at 4°C using a fixed-angle rotor. Supernatant was removed by aspiration and the pellet, defined as LAB, was lyophilized prior to chemical analysis. To detach bacteria firmly adherent to particulate matter, the following procedure was modified from that described by Minato and Suto (1978) . Filtrand was incubated in an oven at 39°C for 15 min suspended in 800 mL of 0.9% (wt/vol) NaCl solution containing 1 g/L of carboxymethylcellulose (Sigma, St. Louis, MO). Thereafter, the sample was maintained at 4°C overnight. The next day, PAB were harvested using the same differential centrifugation procedure used for LAB.
Chemical Analysis
Dry matter of feed ingredients and feces was determined after 18 h in a forced-air oven at 105°C. Silage DM content was corrected for volatile losses according to Huida et al. (1986) . For chemical analysis, feed ingredients and feces were dried to a constant weight at 60°C in a forced-air oven, and ground through a 1-mm screen. The DM concentration of air-equilibrated samples was determined after a 16-h incubation at 105°C. Digesta and feces were analyzed for Co and Yb according to Williams et al. (1962) . To determine indigestible NDF concentration in feed ingredients, feces, large particles, and small particles, between 2 to 4 g of material were incubated in duplicate in polyester bags of 6-m pore size for 12 d in the rumen of two cows according to Ahvenjä rvi et al. (2000) . The concentration of AIA in feed ingredients and feces was determined as described by Anon (1971) . The concentration of ash was determined after ignition in a muffle furnace at 600°C for 18 h. Nitrogen concentration in fresh samples of silage, feces, and urine was determined by the Kjeldahl method using CuSO 4 as a catalyst. Nitrogen concentration in other feed ingredients, digesta, and microbial samples was determined using a Dumas-type N analyzer (Leco FP-428; Leco Corporation, St. Joseph, MI). The VFA concentration of silage, ruminal fluid, and lyophilized liquid phase of omasal canal digesta (after resuspension in distilled water) was determined according to Huhtanen et al. (1998) . Feed ingredients were analyzed for ether extract according to official method 920.39 (AOAC, 1990) . The NDF concentration in feed ingredients, feces, and large particles was determined in the presence of Na 2 SO 3 according to Van Soest et al. (1991) . The ADF concentration of large particles was determined according to Robertson and Van Soest (1981) . Because filtering problems were encountered in NDF analysis of small particles using crucibles, the NDF and ADF concentration in small particles was determined using an ANKOM 220 FiberAnalyzer (ANKOM Technology, Fairport, NY). Despite repeatable analysis of NDF for small particles, the NDF to ADF ratio in small particles was greater than that in large particles (5.7 vs 1.8). Therefore, the NDF concentration of small particles was calculated assuming the same NDF to ADF ratio as observed for large particles. To reduce the number of samples for analysis of 15 N and ammonia N, small particles and liquid were combined to provide a composite sample according to their respective proportions in true digesta, calculated using the triple marker method described below. For 15 N analysis, large particles, composite samples containing small particles and liquid, and microbial samples equal to 100 g of N were weighed into tin capsules (PDZ Europa, Cheshire, UK) and 50 L of KCO 3 solution (10 g/L) were pipetted onto each sample. Samples were dried at 60°C overnight to remove ammonia residues. Enrichment of 15 N was analyzed in triplicate using a Roboprep-CN analyzer (Europa Sientific Ltd., Crewe, UK) linked to a VG Micromass 622 mass spectrometer (VG Micromass Ltd., Winsford, UK) according to Esala (1991) . The ammonia N concentration in large particles and in reconstituted composite samples of small particles and liquid was measured according to McCullough (1967) . Milk samples were analyzed for protein, fat, and lactose using an infrared milk analyzer (Milkoscan; Foss Electric, Hillerod, Denmark). Concentrations of urea in milk were determined by difference following urease (Sigma) hydrolysis to ammonia.
Calculations
Daily fecal excretion was determined on the basis of indigestible NDF and AIA concentration in feed ingredients and feces. Because both markers indicated similar main treatment effects, the mean of these values has been reported. The chemical composition of omasal canal true digesta and the DM flow entering the omasal canal were calculated based on a triple marker method (France and Siddons, 1986 ) utilizing three indigestible markers: indigestible NDF, Yb, and Co. The flow of fresh matter in the liquid phase was corrected for added saline.
Because VFA entering the omasal canal can be considered as end products of rumen fermentation and, therefore, being digested in the rumen, the amount of VFA entering the omasal canal in liquid phase was subtracted from total OM flow. On average, the amount of VFA entering the omasal canal was 1.4 kg/d. Nonammonia N was calculated by difference between total N and ammonia N. Total NAN flow entering the omasal canal was divided into five fractions: particle 15 N-atom% between labelled and unlabelled sample. Previous studies in our lab have indicated similar background 15 Natom% levels in microbes and digesta.
Particle-associated bacteria and protozoal N flow entering the omasal canal was calculated as
It has been assumed that after the saline wash of large particulate matter, protozoa were entirely associated with the small particle and liquid composite sample. Justification for this approach is provided by the observations that following saline washing of ruminal particulate matter only 1 to 2% of protozoa remain attached (Coleman, 1985) . Liquid-associated bacteria N flow was calculated as N LAB flow (g ؒ d 
Statistical Analysis
The effect of supplementation of diets with barley and rapeseed meal on feed intake, digesta flow, diet digestibility, ruminal fermentation, and microbial composition was assessed using the following statistical model with the MIXED procedure of SAS (Littell et al., 1998) :
where A is a random effect of animal, and P, B, and R are the fixed effects of period, barley, and rapeseed meal, respectively. Differences in chemical composition between rumen microbial pools (liquid-and particle-associated bacteria, and protozoa) and the effect of experimental diets on diurnal variation in rumen fermentation were assessed by the following model for repeated measures with the MIXED procedure of SAS:
where M is a fixed effect of microbial pool (or effect of time after morning feeding), animal, main effect error (e ijkl ), and interactions between microbial pool (or time) and animal are random effects. Error term (e ijklm ) was used for the F test for microbial pool (or time) effect. Degrees of freedom were determined using the Satterthwaite option. Various covariance matrix structures (Compound symmetric, Autoregressive of order 1, and Toeplitz) were used, and the structure with the best fit was selected on the basis of Akaike's information criterion. The best fit was achieved using either Compound symmetric or Autoregressive of order 1 matrix structures. Pairwise differences in chemical composition between microbial pools were determined using t-tests.
Results
Feed Intake and Degradability in the Rumen
Grass-red clover silage was restrictively fermented and well preserved as indicated by the low concentration of fermentation acids and ammonia (Table 1) . Supplementation of grass-red clover silage with barley and rapeseed meal increased total DMI, but the effects were smaller when supplements were offered together than alone (Table 1 ). The amount of refusals was not affected by diet and averaged 0.91 kg/d DM during collection periods. Supplementation of diets with barley increased true OM degradability in the rumen and apparent OM digestibility in the total tract ( Table 2) . Supplementation of diets with rapeseed meal had no effect on OM degradability in the rumen or digestibility in the total tract. Both barley and rapeseed meal supplementation decreased NDF digestibility in the rumen and total tract.
No interactions between barley and time after feeding, rapeseed meal and time, or between barley and rapeseed meal and time after feeding were observed for rumen pH, ammonia N, or total VFA concentration, indicating consistent diurnal variations in ruminal fermentation. Barley and rapeseed meal supplementation decreased ruminal pH and increased total VFA concentration (Table 3) . Barley had no effect on rumen ammonia concentration, whereas, rapeseed meal resulted in a significant increase. Barley supplementation decreased the molar proportion of acetate, propionate, and isobutyrate, and increased that of butyrate and caproate. Supplementation with rapeseed meal decreased the molar proportion of acetate and increased that of valerate.
Ruminal N Metabolism
Supplementation of diets with barley decreased protozoal N concentration (P < 0.01), but had no effect on that of LAB and PAB (Table 4) . Despite large variations between diets in 15 N enrichment, differences between rumen microbial pools were consistent for all diets, such that enrichment was highest in LAB and lowest in protozoa.
Supplementation of diets with barley increased total NAN, N LAB , protozoal N, and total microbial N flow entering the omasal canal, but decreased nonmicrobial N flow in large particles (Table 5) . Supplementation of diets with rapeseed meal increased total NAN flow, nonmicrobial N flow in large particles, and total nonmicrobial N flow entering the omasal canal. Significant interactions between barley and rapeseed meal for fecal N excretion indicated that both barley and rapeseed meal increased N losses in feces, but the effect was more pronounced when supplements were fed separately than together. Interactions between barley and rapeseed meal for urinary N excretion (P = 0.05) indicated that rapeseed meal increased N lossess in Table 2 . Effect of supplementing a grass silage diet with barley and rapeseed meal on ruminal degradability and total tract digestibility of OM and NDF Probability of main effects; B (S + SR vs SB + SBR), R (S + SB vs SR + SBR), B × R (interaction between main effects). urine, with the effect being greater when rapeseed meal was fed alone than together with barley. Barley and rapeseed meal supplements increased calculated daily N retention, with the effects being additive.
Barley increased true ruminal N degradability, but had no effect on apparent ruminal N degradability (Table 6 ). In contrast, rapeseed meal increased apparent ruminal N degradability but had no effect on true ruminal N degradability. A tendency (P = 0.06) for interactions between barley and rapeseed meal in total tract N digestibility indicated that barley and rapeseed meal increased N digestibility in the total tract, the effect being greater when the ingredients were fed separately than together. Barley and rapeseed meal had no effect on the efficiency of microbial N synthesis in the rumen. Supplementation of silage with barley and rapeseed meal increased the utilization of N for Probability of main effects; B (S + SR vs SB + SBR), R (S + SB vs SR + SBR), B × R (interaction between main effects). milk protein synthesis and N retention in body tissues, with the effects being additive.
Milk Production
Supplementation of diets with barley and rapeseed meal increased milk yield and fat-corrected milk yield (Table 7) . Supplementation had no effect on milk fat concentration, whereas, barley increased that of milk protein. A significant interaction between barley and rapeseed meal for lactose indicated that rapeseed meal decreased lactose concentration when fed alone, but the effect was reduced when both barley and rapeseed meal were fed. Supplementation of diets with rapeseed meal tended to increase (P = 0.07) milk urea concentration. Barley and rapeseed meal increased milk fat, protein, and lactose yields. Milk yield efficiency, calcu- lated as fat-corrected milk yield per kg digestible OM intake, indicated an interaction (P < 0.01) between barley and rapeseed meal. Barley decreased milk yield efficiency, but the effect was alleviated when barley and rapeseed meal supplements were fed together.
Discussion
Rumen Fermentation and Fiber Digestibility
Barley. Supplementation of silage diets with barley decreased the molar proportion of acetate and propionate and increased that of butyrate. Similar changes in fermentation pattern were reported in previous studies when grass silage was supplemented with barley (Chamberlain et al., 1983 (Chamberlain et al., , 1985 . Chamberlain et al. (1983) noted that these changes were accompanied by increases in the number of protozoa. In agreement with this finding, barley increased protozoal N flow entering the omasal canal in the present study.
Consistent for all diets, virtually all NDF digestion occurred in the rumen. This finding could be explained by relatively low DMI (Table 1) which probably resulted in low ruminal passage rate and, therefore, high ruminal NDF digestibility and low potential digestibility of NDF flowing out of the rumen (Tamminga, 1993) . Supplementation of diets with barley decreased ruminal and total tract digestibility of NDF by 3 and 5 Table 6 . Effect of supplementing a grass silage diet with barley and rapeseed meal on ruminal N degradability and the efficiency of microbial N synthesis Experimental diets were grass silage alone (S) or that supplemented with barley (SB), rapeseed meal (SR), and barley and rapeseed meal (SBR). (Ørskov et al., 1986 ). percentage units, respectively (Table 2) . Consistent with this observation, ruminal pH in barley-supplemented diets remained below 6.1 for extended periods (4 and 6 h for diets SB and SBR, respectively; data not presented). Levels of pH between 6.0 and 6.1 were suggested to be critical for fiber digestion (Mould et al., 1983) . In heifers, a similar decrease in ruminal NDF digestibility (81 to 76 percentage units) was observed when grass silage was partly replaced by a barley based concentrate (Aronen and Vanhatalo, 1992) . Decreases in fiber digestion, as a result of supplementation of forage diets with readily fermentable carbohydrates, have been extensively reported (Hoover, 1986 ). Experimental diets were grass silage alone (S) or that supplemented with barley (SB), rapeseed meal (SR), and barley and rapeseed meal (SBR). Rapeseed meal. Supplementation of diets with rapeseed meal decreased ruminal and total tract digestibility of NDF by 3 and 2 percentage units, respectively. This effect can be attributed to the higher concentration of indigestible NDF in rapeseed meal compared with other feed ingredients (data not presented). Low rumen ammonia concentrations are known to constrain microbial N synthesis (<3.3 mg/100 mL) and fiber digestion (<8.0 mg/100 mL; Hoover, 1986) . In diets with no rapeseed meal supplementation, ruminal ammonia concentrations remained below 3.3 mg/100 mL for extended periods (6 and 3.5 h for diets S and SB, respectively; data not presented). Rapeseed meal supplementation increased rumen ammonia concen-trations but had no beneficial effects on microbial protein synthesis or fiber digestion consistent with previous findings (Ahvenjä rvi et al., 1999) .
Ruminal N Metabolism
Microbial pools. Variation in atom% excess of 15 N between rumen microbial pools (Table 4) is consistent with previous studies. Martin et al. (1994) noted marked differences in 15 N atom% between LAB, PAB, and protozoa (0.164, 0.112, and 0.094, respectively). Faichney et al. (1997) reported that the proportion of microbial N derived from rumen ammonia N was 65, 44 and 27% for LAB, PAB, and protozoa, respectively. These observations indicate that accurate measurements of microbial N flow leaving the rumen require establishing the contribution from each microbial fraction to total flow.
The use of particle and liquid phase markers allows digesta flow in particulate matter and liquid phases to be calculated. Thereby, microbial flow in each phase can be estimated from the respective chemical composition of microbial matter. Assuming fungi have a marginal contribution to microbial N flow (Faichney et al., 1997) , representative samples of LAB, PAB, and protozoa are required. Representative sampling of PAB is probably the most questionable, because detachment of PAB is likely to be incomplete. Craig et al. (1987) reported that a combined procedure of chilling, use of surfactant, and saline extraction resulted in between 32 to 52% of PAB being recovered. Martín-Orú e et al. (1998) reported that various treatments caused detachment of between 59 and 68% of PAB, but total recovery was only between 19 and 22%.
In the present study, protozoal flow entering the omasal canal was determined by separating protozoa from a known volume of omasal canal digesta by centrifugation followed by rinsing with saline on a 17-m polyester filter. The accuracy of this procedure is dependent on both recovery and the extent of contamination of the protozoal sample. After washing the ruminal particulate matter with saline, the vast majority of the protozoal mass can be expected to be transferred to the liquid phase (Coleman, 1985) . Isolation of protozoa by filtration with 10-and 20-m polyester bags has been shown to result in 83.1 and 68.1% recovery of protozoal numbers, respectively (Neill and Ivan, 1996) . However, substantial bacterial contamination was observed when using 10-m bags, whereas, use of 20-m bags resulted in negligible contamination. In the present study, a 17-m filter was chosen because it allowed proper filtration during the rinsing procedure. Because small protozoa are likely to escape through the filter more readily than large ones, recovery on the basis of protozoal mass should be greater than estimated by counting of protozoal numbers. Protozoal N flow determined in the present study is likely to be around or above 70% of that truly entering the omasal canal. Because N LAB flow was calculated using microbial N in the small particle and liquid phase that was not taken into account in protozoal N flow, the flow of N LAB is overestimated to the same extent as protozoal N flow is underestimated.
Previous studies have established that the majority of ruminal bacteria are associated with particulate matter (70 to 80%, Craig et al., 1987; 70%, LegayCarmier and Bauchart, 1989; 74%, Hristov and Broderick, 1996) . Despite greater proportions of PAB in ruminal microbial mass, due to higher passage rates of liquid than particulate matter, the proportion of LAB and PAB in microbial N leaving the rumen has been reported to be similar (Hristov and Broderick, 1996) . In the present study, LAB, PAB, and protozoa contibuted to 67, 26, and 7%, respectively, of microbial N entering the omasal canal. Assuming that microbial mass is comprised of 25 and 75% of LAB and PAB, respectively, and fractional passage rates of 0.11 and 0.02 for the rumen liquid and particulate matter pools, respectively Jaakkola and Huhtanen, 1992) , LAB and PAB would have contributed to 65 and 35%, respectively, of bacterial N entering the omasal canal.
Mean microbial N and nonmicrobial N flows of 206 and 142 g/d, respectively, were observed in the current study (Table 5) Supplementation of diets with barley increased N LAB flow suggesting that nonstructural carbohydrate-fermenting bacteria were primarily associated with small particulate matter and liquid. Michalet-Doreau et al. (2001) reported that a greater proportion of cellulolytic bacteria was associated with the solid compared with the liquid phase. However, the distinction between PAB and LAB is not necessarily equivalent to that between structural and nonstructural carbohydratefermenting bacteria. Currently, 9% of NDF entering the omasal canal was associated with small particles and liquid, indicating that a small proportion of particulate matter of cell wall origin was associated with these phases.
Barley. Supplementation of diets with barley increased omasal canal NAN flow by 55 g/d (Table 5) , attributed to increased N LAB (54 g/d), protozoal N flow (14 g/d), and decreased nonmicrobial N flow (−13 g/ d). Because barley had no discernible effect on the efficiency of microbial protein synthesis, increased microbial N flow was entirely due to greater amounts of OM being truly digested in the rumen (12.5 vs 9.6 kg/ d for barley and nonbarley diets, respectively).
Barley supplementation increased the proportion of LAB (0.65 vs 0.69) and protozoa (0.05 vs 0.10) in micro-bial N entering the omasal canal, but decreased that of PAB (0.30 vs 0.22). Supplementing grass hay with barley has been shown to increase the proportion of LAB (0.53 vs 0.68) and protozoa (0.05 vs 0.12), but reduce that of PAB (0.40 vs 0.18) in microbial N flow entering the duodenum of sheep (Faichney et al., 1997) . The effect of barley supplementation on protozoal N flow is consistent with earlier studies indicating higher numbers of protozoa in rumen fluid associated with concentrate supplementation of grass silage diets (Chamberlain et al., 1985; Jaakkola and Huhtanen, 1992) . Decreases in protozoal N content on barley diets can potentially be explained by dilution of protozoal cell contents by ingested starch particles (Hungate, 1966) .
Barley supplementation increased the amount of N truly digested in the rumen to a greater extent than N intake (59 vs 46 g/d, respectively). This suggests that barley increased ruminal N degradability of the whole diet. The role of protozoa in ruminal N degradability was not assessed, but the increase in protozoal N flow suggests that barley stimulated increases in rumen protozoal mass. Previous studies have indicated more extensive degradation of N in the rumen of faunated than defaunated sheep (Jouany et al., 1988; Ivan et al., 2000) .
Barley supplementation had little effect on the amount of N apparently digested in the rumen (67 vs 75 g/d for barley and nonbarley diets, respectively). Because apparent ruminal N degradability represents the net disappearance of dietary N from the rumen as ammonia lost through absorption and outflow, it appears that provision of readily digestible carbohydrates in barley did not substantially improve microbial capture of ruminal ammonia. Small differences between nonbarley and barley supplemented diets in the ratio of N to OM truly digested in the rumen (25.6 vs 24.5 g N/kg OM truly digested, respectively) are consistent with this conclusion. Furthermore, barley had no effect on urinary N excretion or rumen ammonia concentrations. However, the lower pH in the rumen of cows fed barley-supplemented diets may have decreased the rate of absorption, confounding the association between ammonia synthesis in and absorption from the rumen (Chamberlain et al., 1985; Siddons et al., 1985) .
Supplementation of diets with barley increased omasal canal NAN flow by 54 g/d but had no effect on the amount of N excreted in urine. Therefore, amino acids absorbed from the intestine appeared to have been utilized at a higher efficiency for milk and body tissue protein synthesis. Assuming an intestinal amino acid digestibility of 85%, increases in the flow of amino acids entering the omasal canal (280 g/d; Korhonen et al., 2002) would be equivalent to 38 g/d (280 ؒ 0.16 ؒ 0.85) of absorbed amino acid N, that is consistent with the sum of milk protein N secretion and tissue N retention (37 g/d). A high apparent utilization of marginal increases in amino acid supply may be partly related to improvements in energy balance, that would reduce the dependence on energy derived from amino acid catabolism.
Rapeseed Meal. Rapeseed supplementation increased N intake by 103 g/d (Table 5) , the majority of which was degraded in the rumen (74 g/d). The major proportion of supplementary N degraded in the rumen was absorbed as ammonia (60 g/d) and subsequently excreted in urine (48 g/d). Substantial losses of additional N in the rumen are consistent with increases in the ratio of N to OM truly degraded in the rumen (27.7 vs 22.3 g N/kg OM truly digested for rapeseed and nonrapeseed diets, respectively). This suggests that the supply of fermentable energy available to rumen microbes constrained the assimilation of supplementary N for microbial protein synthesis. On a theoretical basis, efficient capture of dietary N is dependent on the amount of N relative to OM degraded in the rumen being equivalent to or less than the efficiency of microbial N synthesis (18.5 g N/kg OM truly degraded).
Supplementation of diets with rapeseed meal increased omasal canal total NAN flow by 43 g/d, that can be primarily attributed to higher nonmicrobial N (29 g/d) and N LAB flow (18 g/d). The amount of amino acids entering the omasal canal increased by 277 g/d (Korhonen et al., 2002) suggesting that amino acid N absorbed from the small intestine increased by 38 g/ d (277 ؒ 0.16 ؒ 0.85 = 38). Because the sum of milk protein N yield and N retention (47 g/d) increased to a greater extent than calculated amino acid N absorption, it appears that either utilization was overestimated or rapeseed meal improved the utilization of absorbed amino acids overall.
Growth of nonstructural carbohydrate-fermenting bacteria has been suggested to be stimulated in the presence of peptides and amino acids in the rumen (Russell et al., 1992) . However, despite considerable increases in the amount of protein degraded in the rumen, rapeseed meal had no effect on the efficiency of microbial N synthesis, either alone or in combination with barley. This finding is consistent with previous findings (Ahvenjä rvi et al., 1999) , suggesting that amino acid supply from silage satisfied rumen microbe amino acid and peptide requirements. This suggestion is supported by the observation that 76.7 percentage units of total silage N were in the form of amino acids (Korhonen et al., 2002) .
Milk Yield
Consistent with previous studies (Huhtanen, 1998) , supplementation of silage diets with barley and rapeseed meal markedly improved milk yield (2.3 and 3.0 kg/d, respectively). The effect of barley could be explained by an increase in digestible OM intake (2.5 kg/ d), that supplied more fermentable energy for ruminal microbes, and thereby, increased the supply of energy and protein to the host animal. In contrast, rapeseed meal had much smaller effects on digestible OM intake (1.0 kg/d), such that benefits in milk production can be attributed to increases in the supply of rumen undegraded protein.
Implications
Supplementation of high-quality grass silage diet with barley increases ruminal microbial protein synthesis, whereas supplementation with rapeseed meal results in a greater supply of rumen undegradable protein. No interactions between barley and rapeseed meal were observed for microbial protein synthesis or milk yield. Chemical composition of microbial pools was substantially different, whereas, the contribution of individual microbial fractions to total microbial N flow was altered by dietary supplement. In order to accurately assess microbial protein flow, the contribution from individual microbial fractions needs to be quantified.
